ABSTRACT A millimeter-wave (mm-wave) sensor in the frequency range of 225-3 1 5GHz is being developed for continuous emission monitoring of airborne effluents from industrial sites with applicability to environmental compliance monitoring and process control. Detection ofchemical species is based on measuring the molecular rotational energy transitions at mm-wave frequencies. The mm-wave technique offers better transmission properties than do optics in harsh industrial environments such as those with smoke, dust, aerosols, and steam, as well as in adverse atmospheric conditions. Laboratory measurements indicate that polar molecules can be measured with a sensitivity oftens of parts-permillion-meter with this technology. Proof of principle of the open-path system has been tested by releasing and detecting innocuous chemicals in the open air. The system uses a monostatic radar configuration with transmitter and receiver on one side ofthe plume to be measured and a corner cube on the other side. A wide-band swept-frequency mm-wave signal is transmitted through the plume, and the return signal from the corner cube is detected by a hot-electron-bolometer. Absorption spectra of the plume gases are measured by comparing the return signals with and without the plume in the beam path. Using a novel signal-processing technique based on deconvolution, we have shown a high specificity of detection for resolving individual chemicals from a mixture. This technology is applicable for real-time measurement of a suite of airborne gases and vapors emitted from vents and stacks of process industries. A prototype sensor is being developed for wide-area monitoring ofindustrial sites and in-place monitoring ofstack gases.
INTRODUCTION
The Clean Air Act Amendments of 1990 dictate many new regulations, including the need for continuous-emissions-monitoring l The present availability of chemical sensors for stack gas or effluent monitoring is very limited; most are species-specific and point-type sensors.2 There is a need for standoff, wide-area monitoring of chemicals that are released from stacks and vents of process plants. Such sensors will not only demonstrate environmental compliance but will also monitor process conditions and safety.
The Fourier-transform infrared (FTIR) technique is one approach being explored for standoff monitoring of stack gases.3 While this technique mainly shows vibrational bands of molecular functional groups, the mm-wave spectra are generally unique to a specific molecule and are often simpler to interpret because there are no complications with respect to vibrational or electronic transitions. Additionally, there is less interference from water vapor and other atmospheric species because of the broad atmospheric windows in the mm range centered on 94, 140, and 225 GHz. Unlike FTIR, there are no moving parts so the mm-wave sensor is less affected by vibration, and deployment and maintenance are easier. Millimeter-wave techniques can be used in smoky and dusty environments, are less affected by cloud conditions, and can provide longer detection ranges.
Millimeter-wave spectroscopy is an established laboratory technique for determining the structure and dynamics ofmolecules in the gas or vapor phase.4 Polar molecules selectively absorb electromagnetic radiation of specific wavelengths in the millimeter and centimeter regions in accordance with their rotational energy transitions. Millimeter-wave spectral lines are narrow and highly resolvable under low pressures (<1 ton). But remote monitoring ofchemicais in air requires that measurements be made at ambient atmospheric pressure. The increased pressure has two effects on the rotational line: (a) it reduces the detection peak and (b) it broadens the spectral line. As a result, detection sensitivity and chemical selectivity suffer. But these problems can be mitigated by using high-frequency mm waves with wide bandwidths. Detection sensitivity increases in general with the square of the frequency, and the number ofresolution lines (chemical selectivity) increases with the wide bandwidth that is practical with high-frequency mm waves.
Critical to the feasibility ofthe mm-wave technique is determination ofdetection sensitivities of industrial chemicals, as well as selectivity in a multicomponent mixture. This paper presents results of mm-wave spectral properties of chemicals in the 225-3 15 GHz frequency range at ambient pressure, followed by proof-of-principle tests of the open-path monitoring with a monostatic swept-frequency radar system. Finally, a deconvolution procedure is outlined for determination ofindividual chemicals in a plume.
MILLIMETER-WAVE SPECFRAL MEASUREMENTS
Millimeter-wave sensitivities ofseveral organic and inorganic chemicals have been tested in our laboratory in the 225-3 15 GHz frequency range. For analytical purposes, the molecules may be classified into two groups: (a) those with spectral lines spaced far apart in the frequency domain and consequently resolvable even when pressure-broadened and (b) those with dense lines that are not individually resolvable. Simple molecules such as H2S, NO, and CO belong to the first group, and complex and heavy molecules such as SO2 and most organic chemicals belong to the second group. Figure 1 is a schematic diagram of an active mm-wave spectrometer system built for absorption measurements in the frequency range of 225-3 1 5GHz. A backward-wave oscillator (Micro-Now model 71 5R) is used as a mm-wave source and can be swept over a frequency range of 75-110 GHz while providing a power output exceeding 25 mW. A Hughes absorption-type wavemeter is used to calibrate the frequencies.
Experimental measurements
The swept-frequency output of the sweeper is frequency-multiplied (tripled) with Schottky varactor diodes.5 Two wide-band fixed-tuned triplers (Millitech Models FTTO1 and FTTO3) are used separately in the input frequency ranges of 75-90 GHz and 90-105 GHz, with power efficiencies of 2 and 4%, respectively. The frequency-tripled mm waves are transmitted into a gas cell by an antenna, through appropriate waveguides. The gas cell consists of a glass pipe, 0.15 m in diameter and 1.4 m in length, and is fitted with vacuum and gas feed lines. The gas-cell windows are made of 0.64-cm-thick quartz plates, which provide good mm-wave transmission and adequate stiffness to pressure changes. A vacuum pump is used to control the pressure in the gas cell, which is monitored by a four-decade capacitance manometer (MKS Instruments Baratron Pressure Sensor).
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The mm waves, after passing through the gas cell, are received by a hot-electron bolometer (Infrared Laboratory) that is liquid-He cooled. This is a highly sensitive, wide-band detector suitable for detecting low-power radiation. The detector provides an output voltage in the video-frequency range, proportional to the input power. A preamplifier (SR 510) with filtering capabilities is used to increase the detector output level. Selection of filter bandwidth depends on detector noise and sweep rate (sweep width/sweep time) of the source. Preamplifier output is acquired in a PC 386 computer equipped with a 12-bit digitizer board.
The swept-frequency traces are acquired with and without the gas to be tested in the cell. Let P0 (v) be the output power of the transmitter antenna as a function of frequency, and P1 ( v) and P2 (v) the power measured by the detector without and with the gas, respectively; then where T is the transmission coefficient between the transmitter antenna and receiver with no absorbing gas in the cell, a( v) is the absorption coefficient ofthe gas at frequency V , and I is the length of the cell. The normalized spectral absorption S( v) ofthe gas is given by
Molecular spectral measurements were made at a partial pressure of 1 .5 torr ofthe target chemical and 758.5 torr ofnitrogen. Frequency sweeps were made in two steps: 224.809-272.397 GHz and 272.55-320.897 GHz, which were then combined into a single plot. A linear ramp with 2 s period was used to sweep each ofthe frequency bands, and the swept-frequency data were filtered by a 1OHz lowpass filter. The sweep frequencies were calibrated off-line by an absorption-type wavemeter . Percent absorption was calculated with (3), in which the P1 ( v) trace was obtained by filling the gas cell with nitrogen to 760 tori. This reduced the possible error due to window deflections under different pressures.
The experimental measurements were compared with a theoretical simulation that used the Lorentzian line-shape function to account for the effect of pressure broadening.6 The Jet Propulsion Laboratory (JPL) has compiled a list of spectral lines of many chemicals.7 The JPL catalog contains the spectral line frequencies and integrated absorption peaks ofmolecules at I torr pressure. The combined pressure-broadened absorption coefficient a( v) ofmultiple transition lines ofa molecule at a pressure p may be derived as a(t) = 1(vv)÷(Ev) (4) where is the integrated absorption peak oftransition line i for a known low pressure, say 1 torr; v is the line width at the desired pressure p; and m is the number of transition lines in the frequency range of interest. If v is known or can be measured, the pressure-broadened spectral lines may be simulated by using the JPL data available for a1 and v.. Although line width will vary somewhat with respect to transition states, we neglect this effect in the simulation. Figures 2 and 3 show the simulated and measured absorption spectra of H2S and S02, respectively. Agreement is generally good between the simulated and measured absorption spectra. Major factors contributing to variations between the simulated and measured spectra are inadequacy of the Lorentzian model at high pressures, frequency jitters of the free-running sweeper, and use of a filter for smoothing the experimental data, which cause a slight shifting of the peak location and a reduction of the peak height. 
Open-path measurements
The laboratory mm-wave spectrometer in Fig. 1 can be extended to provide monostatic sweptfrequency radar measurements. Figure 4 is a schematic diagram of the radar system that was assembled on a cart; transmitter and receiver components are identical to those in Fig. 1 . The mm-wave radiation was transmitted through a plume; a corner cube of 0.15-rn size on the far side of the plume reflected the radiation back to the receiver. Lenses were used to collimate and focus the mm-wave beam. A plume was created by heating D20 in a beaker and releasing the vapor in the path of the mm-wave beam. Figure 5 gives the measurement results as the release rate decreased with time. The absorption peak of D20 decreased with the release rate. For comparison, the gas cell absorption data taken with the setup in Figure 6 shows the deconvolution procedure wherein the relationship between the lowpressure and pressure-broadened spectra is first obtained in the form of a filter. The pressure-broadened spectra of a chemical may be viewed as the filtered response of its low-pressure spectra. Depending on their line locations and line widths, the filter characteristics will differ with each chemical. Inverse filtering, or deconvolution, is performed on the unknown composite spectra to determine the corresponding 1ow pressure spectra ofthe desired chemical. Because the line widths of deconvolved spectra are smaller by two to three orders of magnitude than the pressurebroadened spectra, spectral specificity is dramatically improved by this process.
The deconvolution procedure was tested with individually measured data ofthree chemicals, CH3CN, CH3C1, and CH2C12. Synthetic mixture data were created by adding individually measured spectra of the three chemicals with desired concentrations. Figure 7 gives the combined spectra of the synthetic mixture with partial pressures of 200 mtorr of CH3CN, 400 mtorr of CH3C1, and 600 mtorr of CH2C12 mixed with nitrogen to a total of 1 atm. Suppose one is interested in estimating the concentration of CH3C1 in the mixture. Figure 8 gives the low-and high-pressure spectra of CH3C1, from which the deconvolution filter is designed. The deconvolved CH3C1 spectra from the mixture data are given in Fig. 9 . Line locations and line widths are identical to those in the low-pressure measurement data. More important, the spectra of the other two chemicals are suppressed in the final results. Thus, the deconvolution technique provides highly resolved spectral lines. The above deconvolution procedure does not assume any a priori knowledge ofthe plume constituents. It gives only a qualitative estimate ofthe amount ofa desired chemical in an unknown plume. This is because the contribution of a particular deconvolution filter due to the rest of the chemicals is ignored. If the chemical composition of the plume is known, the deconvolution method can be modified to provide quantitative estimates. The deconvolution operation for a mixture of N chemicals may be stated as h.(t)®[w,c(t)J = h(t)®m(t), (5) where m(t) is the spectral data of the mixture, in which the spectral frequency is treated as a time-domain variable t; i denotes chemical number; h (t) is the inverse filter for chemical i; c1 (t) its pressurebroadened spectra; w, its concentration; and ® is the convolution operator. By evaluating (5) at t = t,where chemical i has a spectral peak, one obtains a set of M( N) simultaneous equations from which the individual chemical concentrations w can be determined. To evaluate the quantitative estimation technique, synthetic mixture data were created by adding simulated spectra from CH3CN, OCS, HCN, H2S, and S02, with partial pressures ofO.7, 0.35, 0.9, 0.4, and 0.5 torr, respectively. For analysis purpose, the mixture was assumed to contain 25 chemicals, including the above five chemicals. Table I gives the estimated concentrations ofthe 25 chemicals with the deconvolution approach. The algorithm correctly estimated the constituents of the mixture. Although the deconvolution operation is generally not robust on noise corrupted data,8 a welhposed problem may be formulated as in (5) by using the data from multiple spectral peaks of a molecule that may exist in the measurement range. Further work is required to evaluate the technique on real mixture data.
CONCLUSIONS
The mm-wave spectral properties of chemicals were tested in the 225-3 15 GHz frequency range relevant to standoffmonitoring ofairbome effluents. The pressure-broadened molecular lines were measured in a gas cell with a broadband swept-frequency source and hot-electron-bolometer detector. The spectral line widths of molecules at ambient atmospheric pressure are generally about 4 GHz at halfwidth, half-height. Complex and heavy molecules yield characteristic mm-wave spectral signatures under pressure broadening, so the technique can be used to detect both simple and complex molecules.
Proof of principle of the technique using a monostatic swept-frequency radar technique was tested by releasing D20 in open air. The tests showed the feasibility of standoff detection of airborne chemicals by the mm-wave technique. Further work is underway to test the system against different ground targets (instead of using a corner cube), with the goal of deploying such a system in an aircraft for wide-area monitoring.
A deconvolution procedure has been devised to estimate the individual chemical concentrations in a mullicomponent mixture. Based on the design of a filter that relates the low-and pressure-broadened spectral lines ofa chemical, the deconvolution procedure estimates the low-pressure lines of that chemical from the composite spectral data ofthe mixture. Because the low-pressure lines are narrower by two to three orders of magnitude than the pressure-broadened lines, the deconvolution method showed dramatic improvement in chemical resolvability. 
